INTRODUCTION
Mucg ATTENTIoN has been given recently to the accumulation of 222Rn in buildings and the resulting potential health hazard from inhalation ofshort-lived daughters of Rn (Ken 1988; Nero 1988; O'Riordan 1988) . Several studies have considered the water-derived radiation in household air delivered to the lungs (Hess et al. 1983; Cross et al. 1985; Crawford-Brown 1987) or to the gastrointestinal tract ( Dundulis et al. 1984 ) . We wish to draw attention to the direct contribution of radiation to the whole body by Rn in drinking water.
More than half the U.S. population obtains its water from wells. From the several hundred analyses found in King et al. (1982) and in Krishnaswami et al. (1982) , public wells appear to average about 40 Bq L-t of Rn. The range in public and private wells is very broad (0.2 to >6,000 Bq L-t), Poisson in distribution, and depends on the nature of the rocks (Hess et d. 1983 ). Hopke ( 1987) mentions a U.S. survey of wells showing thatT{Vo contain less than 74 Bq L-t of Rn and that those containing >3?0 Bq L-t represent no more than 57o of the cases. Nazaroffet al. ( 1987) report a geometric mean of 5.2 Bq L-t for Rn in public well water supplies, based on population-weighted statistics.
In the course of acquiring some environmental Rn data, several breath samples were taken after a subject consumed some well water with a moderately high natural concentration of Rn. It was anticipated that most of the Rn would show up in the exhaled breath after about a half-hour, certainly in an hour. This report on a single subject is based on several separate experiments pieced together in an attempt to account for the Rn that was observed to have a surprisingly long biologic residence time.
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METHODS
In the respiration experiments, one of the authors (5l-y-old male; 1.96 m, ll2 kg) exhaled into specially adapted 40-L plastic bags, before and after consuming 0.5 L of well water containing -52 Bq of Rn. Each bag contained exhaled air from 2-to l0-min periods around the quarter hour, beginning l0 min afler the water consumption. When the subject was active, <2-to 5-min samples filled the air bag. Samples continuously covered the first 1.25-h period after consumption. Additional respiration samples were taken at2 and 3 h after consumption of the Rn in water, and the final one after 8 h of sleep.
In Tests I and 3 the subject was sitting during the entire period; in Tests 4 and 5, the subject walked continuously and climbed several flights of stairs. In Test l, the subject sat very quietly at his desk, standing only to change sample bags. In the sleep case (Test 2), the Rncontaining water was ingested immediately before retiring. Activity before blood sampling in Tests 3 and 4 consisted of descending stairs, driving to the hospital for blood sampling, and walking about two blocks. An additional hour of walking and climbing stairs was involved in Test 5. The in-vitro data were derived by using an air pump with an aquarium stone frit to provide a steady stream of small bubbles of room air at 1.5 L min-r.
In blood-sampling experiments 45 min and 2 h after the subject consumed 52 Bq of Rn from well water, hospital personnel withdrew 180 cm'of the subject's blood, which was heparinized and placed in 0.5-L wide-mouth Mason screw-cap jars used for water samples. The valveequipped lids on these jars permitted helium stripping of the Rn into the charcoal trapping system ( 20 min at 2 L min-t). Blood froths copiously during the stripping process, and a secondary container in series was required to trap the overflow.
Urine samples were collected in the water sample jars mentioned above about I and 3 h after ingestion of the well water. The volume of the liquid samples was measured after the stripping and counting experiments.
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The method for radioassay is essentially that of Lucas (195?) . A 226Ra standard obtained from the LamontDoherty Geological Observatory was used to determine the efficiency. The air from the bags, or helium from blood or urine samples, was drawn through stainless steel activated charcoal traps with a flow rate of 0.273 L min-r for a measured period of time. The traps were cooled to about -30"C. The traps and valving were evacuated and filled with helium before the valve to the sample was opened. The pump, valves, flow meters, etc., were all commercially mounted on extraction and transfer system boards.ll Air first passed through a drierite tube to remove water vapor, then through an ascarite tube (COz removal) before passing through the cold charcoal trap. Standards were pumped through the charcoal traps at room temperature, OoC, and -30'C to determine the trapping efficiency. The 0" and -30"C cold traps were greater than 95Vo efficient in collecting Rn.
RESULTS AND DISCUSSION

General
Assessments of airborne Rn usually consider only the short-lived daughter dose to the lung and may deliver an "effective" whole-body dose of -1000 to 8000 pSv y-r for the general population (Bodansky et al. 1987) . Radon in drinking water results in internal whole-body exposure from direct consumption as well as contributing to the household air burden of Rn and its daughter products. This article points out that the whole-body dose from Rn in drinking water in many cases may be a significant fraction of the maximum annual critical organ dose of 1700 pSv y-' 1tz0 mrem y-r) (NCRP l97l).
How rapidly Rn is eliminated from humans consuming Rn-enriched water is an important concern in evaluating the whole-body dose. Radon, an inert gas, rapidly enters the blood system, perfusing all the cells of the body. In the case of Rn consumed in water, the Rn and insoluble shortJived daughters irradiate all cells, as opposed to inhaled short-lived dauglrters that primarily irradiate the tracheal-bronchial epithelium. Radon is known to form clathrate structures with water and alcohols, both of which are abundant in animal tissue. Radon is lipid soluble, nearly two orders of magnitude more soluble in hydrocarbons with some polar functions as compared with water (International Research Council 1928) , and does not distribute evenly throughout the body (Hursh et al. 1965 ). Our experiments demonstrate that the in-vivo rate of Rn elimination from a resting person may be relatively slow. Our data for the lightly active person are in agreement with similar work by Suomela and Kahlos (1972) .
In-vitro stripping
The pump used in this experiment purged 959o of the Rn from 2 L of well water containing 210 Bq Rn in December 1990, Volume 59, Number 6 l4 min. In a preliminary test, 807o of the Rn was removed from a 0.3-L water sample in 90 s. Compared to the ir?-yivo cases in Fig. 1 , trace a, in-vitro stripping would seem to be rapid. However, methane and other gases can be quantitatively (>98Eo) extracted from water in a matter of seconds by simple shaking of the container with an equal volume of gas (McAuliffe l97l ). Moderately soluble gases such as nitrous oxide or carbon dioxide (or Rn) do not equilibrate as rapidly. The relatively slow in-vitro removal of Rn compared to insoluble gases may reflect the finite time required for the clathrate structures to break down to permit free Rn gas to be extracted by the purge air.
In-vivo elimination
The in-vivo Rn elimination (Fig. 1 , traces b and c) may be further complicated by the necessity for reverse distribution between lipid and water phases in the body as well as by the crossing of membrane barriers. The invlvo percent remaining data in Table I were due to a series of small belches caused by the large drink of cold water warming and degassing in the stomach during the first 20 min, all of which was trapped in the collection bag. Although our data are a composite for only a single subject involved in several different experiments, they nevertheless provide reasonable evidence that the Rn consumed in water was not rapidly eliminated by the inactive subject. The 185 mBq L-t in the blood nearly an hour after ingestion (item 1.7, Table I ) is highly significant considering the -134-fold dilution of the 0.5-L drink of water into the aqueous portion of the ll2-kg subject.
Item l.13 of Table I clearly shows that a substantial portion of the Rn was still in the blood after 2 h of moderate activity. The 80 mBq L-tin the urine (item 1.8) did not represent a significant Rn loss since only 0.25 L was voided after I h, and another 0.2 L 3 h after consumption of the water. After the first hour, in both Tests I and 4 (Table I ) , approximately half the Rn consumed was unaccounted for by the respiration studies. No more than 307o ofthe ingested Rn could be accounted for by respiration in the first hour in the sedentary case (Test l\;63Vo for the active case (Test 4).
The concentration of Rn L-r of expired air was lower in the active subject, but the respiration rates were elevated (Table l, footnotes b-e). The active subject (walking, climbing stairs) eliminated virtually all of the Rn in -4 h from one drink of water. This finding is consistent with the results of Suomela and Kahlos (1972) who experimentally observed that it took 6.7 h for 0 activity to decay to the l7o level in active subjects. The percent remaining (Table I ) tially still all in the stomach, was not considered in these calculations. The observed background air concentrations of Rn for these calculations ( footnote a) are in agreement with those of Gesell ( 1983) . The fasting subject, coming from a low Rn home and outside air, appears to have been absorbing Rn from the office air (footnote a). The last two "percent remaining" entries in Test 5 (items l.l5-l6) are estimates of the Rn remaining in the subject, based on earlier data ( Test 4 ). The biologic half-life of Rn in the mildly active person (Fig. l, trace b) is 45 to 65 min, depending on which portion of the curve is used, but in good agreement with the literature ( 30 to 70 min ) as summarized by Dundulis et al. ( 1984) . However, for the very sedentary or sleeping person (Fig. l, trace c) it is I1.2 h if the initial aberration due to Rn loss by belching is eliminated; 8.4 h if included' For the sedentary cases (Table l, Tests I and 2), the subject exhaled <370 of the Rn h-' after the first hour. After 'S h of sleep, the exhaled airwas still 5.9 Bq m-3 above the ambient atmosphere, simultaneously determined to be 25.9 Bq m-' in the subject's bedroom. The data as plotted in Fig. l , trace c, indicate that for the very sedentary person it would take 12 h to eliminate the Rn from that one bedtime drink of water, assuming normal activity after the 8-h sleep period. (The large ftrst' 20-min loss observed in the rest case was applied to the sleep case.) Theoretically, according to Fig. l , trace c, a very sedentary or bed-ridden person would be subject to an increased body burden ofRn and daughter products from drinking water because of the slow rate of elimination. Again, it should be kept in mind that this was a limited set of experiments of opportunity, based on a single subject, and that the data from Table I The three a particles (tttRn, 2r8Po, and 2roPo; have a total energy of 19.3 MeV. Given the conversion of electron volts to ergs as 1.6 X l0-r2, and that there are l0-2 erg per gram-trrGy, each gram of body tissue is exposed to: 0.41 dpg x 19.3 X 106 eV d-' x 1.6 x l0-r2 erg eV-r + ( l0-2 erg per C pcy) = 0.00127 pGy. (2) For Rn and short-lived daughters, ICRP recommends Q : 20. Therefore: 20 (Q) x 0.00127 pcy = 0.025 pSv.
(3) (Cross et al. 1985) , and one-third breathing rate for sleep.
During a year, a lightly active, 70-kg person would receive 9.2 pSv from one daily 0.I-L drink of well water containing 40 Bq 1-r of Rn. The 20Vo 0 and l%o "y activity of 222Rn decay is ignored, being less than 5% of the Qweighted a radiation.
The person consuming the same quantity of Rn in water before bedtime receives four times as much radiation as during daytime consumption and activity. It can be seen from Fig. I , trace c, that the average body burden over the 8-h sleep period is about 65Vo (at t = 4 h) ofthe amount ingested, with an additional 6Vo of the original intake for the 4 h after waking. The total body burden is -70Vo of the ingested activity for 12 h. Treatment as in eqn (l) yields 1.73 dpg, and eqns (2) and (3) produce 0.0053 pGy and 0.107 rrSv, corresponding to 39 pSv over a year. Calculations using exponential loss of Rn from the body as opposed to linear loss, as assumed in eqn ( I ), yield dose values approximately l07o lower.
Other dosages are developed in section i of Table 2 , and the corresponding percentages of the NCRP 39 limit are given in section ii. The three Rn in water concentrations shown in the table cover 50Vo,75Vo, and 95Vo of anticipated cases. For example, well water containing 80 Bq 1-t Rn is twice the average, but not uncommon, within -7 5Vo of the cases reported by Hopke ( 1987 ) ( see "Introduction"). The person consuming 1 L d-' of water containing 80 Bq L-t of Rn receives a dose of 184 pSv radiation y-r, llTo of the established whole population critical organ annual limit (NCRP l97l-1700 pSv; 170 mrem); if the Rn concentration in the water is 400 Bq L-r, the corresponding dose is 54Vo of the limit. In section iii of Table 2 it can be seen that a person who spends 20 h d-t indoors (12 h sleeping or resting plus 8 h walking, etc.) with an average 56 Bq m-'(l'5 bCi l-') Rn in air (Bodanskv et al. 1987; Nero 1988 ) ieceives a total of 1350 pSv y-r from the air (7870 ofthe recommended NCRP 39 limit), acquired from airborne Rn daughters and delivered almost exclusively to the trachealbronchial epithelium. The calculation assumes a 507o equilibrium for the short-lived Rn daughters and a doseconversion factor of 7000 pSv per WLM (Cross et al' 1985) . We assumed a one-third breathing rate during sleep. The ICRP model assumes a breathing rate during sleep of one-fourth that of moderate activity (e'g', Pohl andPohl-Riiline 1977 ). The dose due to Rn dissolved in the body in equilibrium with 56 Bq m-3 Rn in air for 20 h d-r over a year amounts to 9 pSv, which is approximately the same as the contribution of one daily 0'1-L drink of 40 Bq Rn L-r of water (Table 2, i and ii), and is inconsequeniial co-pared to the other exposures' Our dose calcuiations for average consumption are in agreement with those of Crawford-Brown ( 1987 ) and Cross et al. ( 1985) . However, Table 2 , i and ii also shows that for the SVo to 25Eo of the population consuming well water containing >80 Bq 222pn 1-t, the whole-body radiation dose can be uery significant. Section iii ofTable 2 indicates the delivery of radiation to the lungs from indoor radiation due to Rn daughters in the air. The work of Hess et al' (1987) indicatJs that0-36Vo of Rn in household air is irom the water supply. We have observed in Alaska that the Rn contribution from an average well water supply to homes during winter is l5vo to 20Vo. Table 3 indicates the annual radiation exposure from Rn and its shortlived daughters from all sources for the average general population (56 Bq m-3 Rn in air; 40 Bq L-t i; witer) and for those individuals exposed to higher concentrations of Rn ( 148 Bq m-3 Rn in air;400 Bq L-t in water). There are many individuals who may be exposed to even higher levels of radiation, e.g., the approx- imately l9o or 2Vo with water supplies and/or the several perceni with indoor Rn greater than those indicated above'
CONCLUSIONS
Radon from drinking water may not be rapidly eliminated by respiration. We found that Rn may remain in the body ior l2 h, depending on physical.activity' The whole-body dose directly from water ingestion is usually less than [}qo of the total dose from Rn and its shortlived daughters. However, radiation doses due to ingestion of water iontaining 370 Bq L-r Rn may be as grcat as 5070 of the recommended limit for the general population' This is in addition to the -1350 pSv annually delivered to the lungs in an average home from airborne shortlived Rn daughters, of which -20Vo may be attributable to domestii water use other than drinking' These factors combine to yield 807o to 907o of either the 1700-pSv recommended ii-it fot the general public or the 5000-pSv y-r recommended limit for individuals'
